Carbonic anhydrase VII (CA VII) is a cytosolic enzyme expressed in several organs, including the human brain, but it has not been investigated earlier in any tumors. We designed the present study to evaluate CA VII expression in a cohort of human diffuse astrocytomas, mixed oligoastrocytomas and oligodendrogliomas. CA VII immunostaining was correlated to clinicopathologic findings, survival data, and expression of other molecular factors, including Ki-67, p53 protein and epidermal growth factor receptor. CA VII-positive staining was observed in 94% of astrocytomas and 85% of oligodendrogliomas. In the tumor specimens, strong positive areas were often located in close proximity to necrosis. The CA VII immunoreactivity showed positive correlation with tumor malignancy grades of astrocytomas (p = 0.02, chi-square test). In all tumor categories, CA VII-positive staining was often seen in the endothelial cells of neovessels in addition to the tumor cells. CA VII intensity showed no significant association with p53 nor did it correlate with the amplification of epidermal growth factor receptor (analyzed only in astrocytomas) or cell proliferation. Our present results show that CA VII may act as a useful biomarker in histopathologic diagnostics of gliomas. The high expression of CA VII in the tumor cells and endothelium suggests important roles for the enzyme in tumor metabolism. The results also led us to conclude that CA VII might serve as a marker of poor prognosis in diffuse astrocytomas.
INTRODUCTION
Carbonic Anhydrase (CAs) form a family of ubiquitous zinc containing metalloenzymes that are able to catalyze the reversible hydration of carbon dioxide according to the following reaction: CO 2 + H 2 O ⇔ HCO 3 − + H + . The CAs show different distribution in a variety of tissues where they participate in several important biological processes such as pH regulation, CO 2 and HCO 3 − transport, respiration, ureagenesis, body fluid generation, lipogenesis, and gluconeogenesis [1, 2] . The CA isozymes differ in several important characteristics, such as kinetic properties, susceptibility to inhibitors, and subcellular localization. The α-CA gene family has been reported to include at least 13 active isoforms with different structural and catalytic properties [1] [2] [3] [4] [5] . CA isozymes II, IX and XII have been extensively studied for their important role as promising biomarkers in different tumors, for example astrocytic tumors [5] [6] [7] . Other important research targets focused on CAs have included hypoxia-regulation of certain CA isozymes and their potential use as targets of cancer therapy [7] [8] [9] [10] [11] [12] [13] .
Although cytosolic CA VII was identified as a new CA isozyme almost twenty years ago [14] , and its CA catalytic activity was already demonstrated in 1996 [15] , the characteristics of this isozyme have largely remained unresolved. In fact, the most developed research area on CA VII has been linked to drug development, which has led to the discoveries of several potent activators and inhibitors for this isozyme [16, 17] . The expression of CA VII protein was first studied in the brain tissue [18] . In previous publications, CA VII has never been investigated in astrocytomas nor has it been determined in any other tumor categories. Data from GeneSapiens database (http://ist.genesapiens.org/) suggested that some gliomas express high levels of CA VII mRNA. This result prompted us to design the present study to evaluate the expression of CA VII protein in diffusely infiltrating astrocytic gliomas, oligodendrogliomas and mixed oligoastrocytomas. These tumors represent highly malignant neoplasias derived from glial cells. They commonly show infiltrating and diffuse growth pattern, which makes the surgical treatment inadequate in most cases. It is very important to diagnose these tumors as early as possible and to use prognostic tools in the assessment of the most suitable treatment for each patient. In the present study, we evaluate the correlation of CA VII expression between astrocytomas, oligodendrogliomas and oligoastrocytomas using immunohistochemistry and compare the immunostaining results with various clinicopathological and molecular factors including cell proliferation, p53, and epidermal growth factor receptor (EGFR).
METHODS

Study Material
The study material consisted of diffusely infiltrating astrocytoma and oligodendroglioma samples, which were obtained from surgically operated patients in Tampere University Hospital, Tampere, Finland, during 1983 -2001. First, the tumor specimens were fixed in 4% phosphate-buffered formaldehyde and processed into paraffin blocks. On the basis of hematoxylin and eosin (H&E)-stained slides a neuropathologist (HH) performed an evaluation of the tumors according to the WHO 2007 criteria [19, 20] . According to the Finnish legislation informed consent by the patients is not required in this kind of retrospective study. Most patients had died before starting the analyses. According to the national guidelines, the experiments were approved by the Ethical Committee of the Tampere University Hospital and the National Authority for Medicolegal Affairs and conducted according to the guidelines of the Helsinki Declaration.
Astrocytic Tumors
The WHO criteria divide diffusely infiltrating astrocytomas into three grades (II-IV) according to the presence of atypia, mitotic activity, necrosis and endothelial proliferation. The neuropathologist selected one histologically representative section in each sample specimen for the CA VII immunohistochemistry. The study in- 
Oligodendroglial Tumors
The WHO criteria group oligodendroglial tumors into two main categories: pure oligodendrogliomas and mixed oligoastrocytomas, which are divided into two grades (2 and 3) according to the atypia, presence of increased cellularity, and mitotic activity. From 47 cases of oligodendroglial tumor samples which were included in our analyses, there were both pure oligodendrogliomas (18 of grade 2 and 12 of grade 3) and oligoastrocytomas (11 of grade 2 and 6 of grade 3). These tumors included 35 primary tumors and 12 recurrences. The ages of the patients with primary tumors varied from 8 to 76 years (mean ± SD: 43 ± 14 years), and those of the patients with recurrent tumors varied from 17 to 72 years (mean ± SD: 41 ± 14 years). Survival analysis was not performed, because overall survival was only known for 26 patients.
Immunohistochemistry
Five µm sections were processed for immunoperoxidase staining, which was performed using an automated Lab Vision Autostainer 480 (LabVision Corporation, Fremont, CA, USA). Automated immunostaining was performed using the Power Vision+ Poly-HRP Immunohistochemistry kit (ImmunoVision Technologies Co) reagents. The primary rabbit anti-human CA VII serum was raised against recombinant CA VII enzyme and has shown high specificity for the CA VII enzyme [21] . The immunostaining procedure included the following steps: (1) rinsing in wash buffer; (2) treatment in 3% H 2 O 2 in ddH 2 O for five minutes and rinsing with wash buffer; (3) blocking with cow colostrum diluted 1:2 in Tris-buffered saline (TBS) containing 0.05% Tween-20 for 30 minutes and rinsing in wash buffer; (4) incubation with primary antibody (rabbit anti-human CA VII for 30 minutes; (5) rinsing in wash buffer three times for five minutes; (6) incubation in poly-HRP-conjugated anti-rabbit IgG for 30 minutes and rinsing in wash buffer three times for five minutes; (7) incubation in DAB (3,3-diaminobenzidine tetrahydrochloride) solution (one drop of DAB solution A and one drop of DAB solution B in 1 ml of ddH 2 O) for six minutes; (8) CuSO 4 treatment for five minutes to enhance the signal; and (9) rinsing with ddH 2 O. All procedures were performed at room temperature. The mounting of the sections was performed using Entellan Neu (Merck; Darmstadt, Germany). The intensity (INT) of the staining was scored on a scale of 0 to 3 by three of the investigators (H. Haapasalo, F. Bootorabi and S. Parkkila) as follows: 0, no reaction; 1, weak reaction; 2, moderate reaction; and 3, strong reaction. The extent (EXT) of staining was also scored on a scale of 0 to 3, 1 when 1-10% of the cells stained, 2 when 11-50% of the cells stained and 3 when 51-100% of the cells stained. A negative score (0) was given to tissue sections that had no evidence of specific immunostaining. The relative staining indices (SI) were calculated for each tumor sample using the formula SQRT (EXT × INT) as described earlier [22] . The tumors were then divided into three groups based on the staining index: -, SI < 1 (immunonegative); +, SI > 1 and < 2 (immunopositive); ++, SI > 2 (strongly immunopositive).
In the present study, we correlated the expression of CA VII to the extent of several other molecular markers, such as Ki-67 (MIB-1, marker of cell proliferation) and p53 as described previously [23] . EGFR amplification was detected in astrocytic tumors using chromogenic in situ hybridization (CISH) [24] . The immunostaining results for CA IX and CA XII have been described earlier [7, 25] .
Statistical Analysis
All statistical analyses were performed using SPSS for Windows (SPSS Inc. Chicago, IL). The significance of associations was defined using chi-square test, MannWhitney test, variance analysis and Kruskal-Wallis test. The log rank test, Kaplan-Meier curves, and Cox multivariate regression analysis were used in the survival analysis. p-values < 0.05 were considered statistically significant.
RESULTS
CA VII and Clinicopathologic Features of Astrocytic Tumors
Cellular CA VII immunopositivity was observed in 101 cases of 107 (94%) diffusely infiltrating astrocytomas. Strong immunostaining reactions (staining index ++) were observed in 47 specimens and weaker reactions (staining index +) were present in 54 tumors. The strongly positive areas were often located in close proximity to necrotic regions (Figure 1) . The positive staining was usually unevenly distributed within the tumor. It also appeared that the cell cytoplasm was more intensively stained in the tumors with anaplastic features. In addition to the positive staining of tumor cells, CA VII was often located to the endothelial cells of the neovessels.
Within the group of WHO grade II astrocytomas 86% of the tumors were CA VII-positive (50% + and 36% ++), and 82% of the grade III astrocytomas were CA VII-positive (73% + and 9% ++) ( Table 1) . Interestingly, almost all (98%) the grade IV tumors showed positive immunostaining (48% + and 50% ++). The statistical comparison of cytoplasmic CA VII staining index and tumor grade revealed significantly higher CA VII staining in tumors with higher malignancy grade (p = 0.02, chi-square test, Table 1 ). There was also a statistically significant difference in staining indices between the primary (44% + and 49% ++) and recurrent tumors (82 % + and 18% ++), all of the recurrent tumors being immunopositive (p = 0.015, chi-square test, Table 1 ). The variance analysis showed that there was no significant correlation between the CA VII staining index and patient age (p > 0.05). 
Correlation of CA VII with Prognosis in Astrocytic Tumors
Overall survival data was known for all the patients with primary tumors. Patient survival was tested by log-rank test in relation to CA VII staining index. Interestingly, CA VII staining results divided the tumors into three significantly different prognostic subsets (p = 0.017, log-rank test; Figure 2) .
When different factors, including CA VII, CA IX and CA XII (all divided into three categories by staining indices -, + and ++) as well as histological grade (2, 3 and 4) and patient age (<50, 50-65 and >65 years) were tested in the Cox multivariate analysis, CA VII, CA IX, histological grade and patient age were found to be of independent prognostic value ( Table 2) .
Oligodendroglial Tumors
The study materials included 47 oligodendrogliomas of which 30 cases represented pure and 17 were mixed oli 
DISCUSSION
Previous studies have indicated that carbonic anhydrase isozymes, CA II, CA IX and CA XII, are promising biomarkers for certain tumors [6, 7, 22, 26] . There are numerous reports showing that CA IX acts not only as a marker for particular tumors, but its presence also correlates to prognosis in several tumor categories, such as brain tumors, sarcomas, and renal, lung, rectal, bladder, oral, breast, and cervical carcinomas [7, [27] [28] [29] [30] [31] [32] [33] [34] . Although studies on CA II and CA XII have been mainly focused on normal tissues, there are a few previous reports, showing their presence in cancer cells and especially in brain tumors where they have shown significant association with prognosis [6, 7, 25] . CA VII is a cytosolic isozyme which was first demonstrated in the brain tissue [35] , where it has been linked to the regulation of GABAergic neuronal transmission in hippocampal neurons [36] . We recently characterized this enzyme in vitro and identified two forms of CA VII mRNA in the human brain [21] . The studies further indicated that only the full-length form of CA VII is expressed in human tissues. The novel antibodies, raised against CA VII, demonstrated that it is expressed in several other mouse tissues -particularly in the liver. The present study was designed when we found using the GeneSapiens database (http:// www.genesapiens.org), that CA7 gene is highly expressed in some glioblastomas. The finding suggested that CA VII could represent another CA isozyme with a potential role as a biomarker for gliomas.
In this study, we investigated the expression of CA VII in three different categories of brain tumors: astrocytomas, oligodendrogliomas and mixed oligoastrocytomas. Our findings showed that CA VII expression is higher among high grade infiltrating tumors. Interestingly, CA VII immunostaining was often very strong in hypoxic areas adjacent to tumor necrosis. Although CA VII has not been considered a HIF-regulated isozyme contrary to CA IX [37, 38] and CA XII [38] , its staining pattern indicates that cell hypoxia contributes to the regulation of CA VII expression by yet undefined mechanisms. According to our results CA VII immunoreactivity did not correlate significantly with cell proliferation determined by MIB-1 immunostaining, nor did it show association to p53 protein expression or EGFR-amplification. Importantly, our results indicated that high CA VII expression is associated with poor prognosis in astrocytoma patients. This result makes CA VII another CA isozyme with a significant correlation to the patient survival. Indeed, the previous studies have demonstrated that CA II, CA IX and CA XII all show similar trends as prognostic markers in diffuse astrocytomas [6, 7, 25, 39] . The presence of several CA isozymes in astrocytomas may reflect the rapid turnover of acid metabolic products in highly malignant tumor tissues. The cytosolic isozymes, such as CA II and CA VII, can contribute to more efficient neutralization of cell interior, whereas the membrane-associated enzymes, CA IX and CA XII, participate in extrusion of protons in metabolon systems together with ion transport proteins [5, 40, 41] . These mechanisms can provide novel opportunities for cancer therapy in which tumor cell microenvironment can be targeted by CA inhibition. Recent drug developments have already pointed out a number of different compounds as CA inhibitors with high efficiency [5, 40] . Some of the drugs may inhibit and disturb the neoangiogenesis while reducing the tumor growth [42] , and some compounds can also decrease the invasion capacity of tumor cells [43, 44] .
In conclusion, our findings demonstrate that CA VII isozyme is highly expressed in several cases of malignant brain tumors including oligodendrogliomas, oligoastrocytomas and diffusively infiltrating astrocytomas. The positive immunostaining correlates with poor prognosis of patients with astrocytomas. The presence of several CA isozymes in malignant brain tumors may provide novel opportunities for developing cancer treatment strategies targeted to the microenvironment of cancer cells.
